Our comprehensive review focuses on the treatment of hepatitis C virus in the context of hepatocellular carcinoma and vice versa, highlighting the ongoing complexity of this clinical scenario. There remain multiple unanswered questions when considering the management of these complex patients and, with a rapidly-changing treatment landscape for both chronic hepatitis C and hepatocellular carcinoma, these questions are only going to grow. Treatment timing, interactions and the impact of one disease condition on the other are vitally important, though guidance generally remains non-specific, suggesting that we make these decisions on a case-by-case basis. We focus on the current evidence for managing these cases, depending on disease stage and treatment type.
fibrotic effect of the virus undoubtedly playing a role [5] . Involvement of a direct mutagenic mechanism in addition to this is purely speculative at this stage, though animal and human models have demonstrated a potentially increased risk of HCC development in the non-cirrhotic HCV-positive patient [6] [7] [8] . Though HCV is a RNA-virus that cannot integrate into the host genome, it produces gene products that have been shown to have mutagenic effects in ex vivo human models, with further work in human models required to establish how this translates to in vivo processes [9, 10] . Following HCV clearance, patients see a reduction in liver-related morbidity and death [11, 12] . This has also been shown in HCV-cirrhotic patients with successfully treated HCC, in which hepatic decompensation has been found to be the major driver of death, highlighting the importance of preserving liver function in this group [13] . Understanding how HCV clearance might impact upon the pro-carcinogenic environment remains uncertain, though this will likely become clearer as our understanding of the post-SVR liver progresses.
The timing and duration of HCV treatment in patients with HCC is becoming increasingly important, though guidance generally remains that we should make these decisions on a case-by-case basis. Another consideration is the interaction between HCC and HCV treatments, particularly with the swelling tide of HCC treatments waiting to break.
HCV TREATMENT REGIMENS
HCV evokes a strong T cell-mediated reaction in the acute phase that successfully clears the virus in 30% of patients. In the remaining 70% of patients, multiple viral escape mechanisms -including inactivation of pathways that induce interferon -overwhelm the immune system, resulting in chronic infection [14] . Endogenous interferons are part of our natural arsenal against viruses, which explains the previous successes of exogenous interferon (IFN) in the treatment of HCV. Prior to 2011, prolonged courses of IFN were the mainstay of treatment outside of clinical trials for those infected with HCV, with or without concomitant ribavirin, with success rates ranging between 5%-50% depending on duration of therapy, stage of liver disease and genotype [15] [16] [17] . The exact mechanism by which ribavirin targets HCV is not completely understood, but is thought to have an effect on viral replication [18] . The addition of ribavirin improved outcomes but these regimens were poorly tolerated by many and improved alternatives were desperately sought.
The management of HCV has transformed over the past decade, with sustained virologic response (SVR) rates in excess of 95% following treatment with newer directly-acting antiviral agents (DAAs) [18] . Mechanistically, DAAs inhibit viral replication by inhibiting certain non-structural viral proteins, ultimately resulting in viral clearance [19] . DAA use has become more widespread and, with that, our understanding of their interaction with other treatments will improve.
Prior to the use of DAAs, IFN-based regimens were used in certain subgroups of patients, with significant histopathological improvements seen following successful treatment. It is more difficult to assess post-SVR histopathological changes as we are no longer required to perform pre-treatment biopsies as we were in the IFN-era. However, when assessing histopathology within 2 years of treatment, though there is suggestion of fibrosis regression, persistent inflammatory activity has been observed despite the absence of the virus [20] .
Interferon-based therapies and HCC
Historical treatment with IFN-based therapies targeted patients with little or no fibrosis; a low-risk group in terms of HCC development [21] . In patients with advanced fibrosis or cirrhosis that were treated with maintenance pegylated interferon (PEG-IFN) in the HALT-C trial, it was noted that maintenance therapy did not reduce the risk of HCC development [22, 23] , though this and other studies have shown that reduction of HCV RNA correlated to a reduction in HCC risk, which reduced further still in cases of HCV eradication [23] [24] [25] [26] . Further to this, IFN-based treatment may decrease the HCC recurrence rate in successfully treated HCC patients following curative therapy [17] . A speculative link has been drawn between the inhibitory effect of IFN on HCC proliferation, which may have an additional impact on HCC outcomes to the antiviral effect of IFN [17, 27] . Current HCC treatment guidance is widely dictated by the Barcelona Clinic Liver Cancer (BCLC) criteria, which stratifies liver cancer cases into stages based on tumour burden, liver disease and performance status, allocating treatments accordingly [28] . Curative treatments include resection, locoregional therapy (LRT) or liver transplantation for those that fall within Milan criteria. Outside of this, palliative LRTs, targeted systemic therapies or immunotherapy are the recommendation in advanced HCC.
Some work has been done to assess the role of IFN as an adjuvant agent in post-resection cases, with promising early results in terms of mortality [29] [30] [31] [32] . In the DAA era, the use of IFN-based regimens has declined drastically and so, even in the absence of evidence for a similar role for DAAs, using IFN in this context is unlikely to be recommended. Some debate continues over timing of HCV treatment in this subset of patients; these medications are in their infancy and many questions remain that may take time to address.
DAAs and HCC
DAAs have revolutionised HCV treatment with SVR rates exceeding 95%. In the presence of HCC, SVR rates are lower at 60%-90% [33] , the reasons for which are current sources of speculation [ Figure 1] [33 -35] . Certainly, the tumour microenvironment expertly creates multiple mechanisms of immune escape in order to survive and so it stands to reason that HCV-infected cells within the tumour may evade antiviral treatment in the same vein. In addition to this, it has been proposed that penetration of DAAs to the HCV-infected HCC tissue is suboptimal, not only due to altered architecture but also as tumour blood supply is from the hepatic arterial branches as opposed to the portal venous system [35] [ Figure 1 ]. As original trials for newer DAAs often exclude patients with HCC from their eligibility criteria, data on this cohort is limited. Subsequent data has shown a decrease in SVR rates, though how this might shape our treatment regimens -be it duration or drug combination -is not yet clear. Some of the discordance between studies may be due to the fact that some of the studies that have shown association between active HCC and lower SVRs included DAA regimens with sub-optimal combinations (e.g., SOF/RBV). It will be important to assess SVR rates in this population with the new generation of DAAs.
DAA regimen adaptations for HCV in the context of HCC
Recent data on efficacy of DAAs in patients that have concurrent HCC suggests that SVR rates are lower than those in the absence of HCC [35] [36] [37] [38] [39] [40] . This includes both patients that respond and then relapse, as well as primary non-responders. It is, therefore, unclear whether these lower SVR rates are due to inadequate duration of therapy, treatment resistance or a combination thereof [ Figure 1 ]. With this in mind, further trials are required to guide our treatment approach in this cohort of patients, be it prolonged courses of DAA therapy or treatment combinations.
HCC post-DAA treatment
Some initial concerns regarding allegedly high rates of HCC after DAA-induced SVR compared with IFN-induced SVR have caused controversy [41] . This could be explained by altered immune surveillance in the post-DAA liver environment, which may alter T cell responses and therefore have an impact on cancer evasion from the host immune system [41, 42] . On reassessment of the data, the apparent increase in HCC seen in the post-DAA population is at least in part thought attributable to bias within the patient cohorts [33, 35, 43] . A recent systematic review by Waziry et al.
[ 44] was unable to find evidence that DAA therapy is associated with subsequent HCC development when compared with IFN therapy, though the reviewed studies were small, observational and sometimes lacking in useful clinical detail with significant inter-trial heterogeneity also noted. Furthermore, when assessing overall incidence of HCC rather than recurrence alone, the risk of developing HCC reduces by 71% in DAA-induced SVR compared with treatment failure [45] .
We eagerly await the outcome of ongoing clinical trials that are studying this potential association, which aim to assess recurrence rate of HCC as well as mapping the behaviour of HCC during and after DAA treatment of HCV [46] [47] [48] [49] [50] . Further research and debate are ongoing and in depth discussion on this topic is beyond the scope of this review.
HEPATITIS C DAA TREATMENT CONSIDERATIONS BASED ON HCC THERAPY

DAAs and locoregional therapies
LRT is used with curative intention in the early stages of HCC (for example microwave ablation, radiofrequency ablation, ethanol injection) and as palliative interventions in the intermediate/advanced stages [for example chemoembolization, selective internal radiation therapy (SIRT), stereotactic body radiotherapy (SBRT)] . Multiple factors should be considered when deciding whether or not to prescribe DAAs in patients with HCC amenable to LRTs, and when.
Firstly, because LRTs are recommended only in patients with well-compensated liver disease [51] , achieving SVR may significantly improve a given patient´s clinical liver function, making them eligible for a therapeutic procedure. A recent multicentre study showed that 24% of the 122 patients with decompensated cirrhosis could be delisted due to improvement after HCV eradication [52] . Three patients with HCC that were originally listed for liver transplantation improved such that they were able to undergo resection or SIRT after achieving SVR.
Secondly, with some studies showing decreased SVR rates in the presence of active HCC, consideration should be given to treating the HCC with LRTs prior to DAA initiation. One retrospective study demonstrated that failure to achieve SVR rates was higher in patients with active HCC when compared to patients with inactive or resected HCCs or in patients with no HCC [37] . Similarly, a large prospective national multicentre study showed that successfully treated HCCs (resection, ablation, or chemoembolization) do not influence subsequent SVR rates with DAA therapy. DAA therapy was given at least 6 months after successful treatment (i.e., complete response) of the HCC [53] . As radiological response following LRT does not always accurately predict pathologic necrosis -and in some cases this may be overestimated -this underscores the importance of this time window before pursuing HCV treatment. Conversely, preliminary data from the HCV-TARGET study comparing SVR rates of cirrhotic patients with HCC with those of patients without HCC, again showed significantly inferior SVR rates in the former, but also showed no difference in SVR rates between those patients with active HCC versus those with complete response to LRTs [38] . In another study of 62 patients, who were started on DAAs just after radiological documentation of complete response to treatment (mainly radiofrequency ablation, TACE, microwave ablation, and percutaneous ethanol injection), the SVR rate was only 64.5% [54] . Importantly, 42% had HCC recurrence, and in most cases within the following 6 months after initiation of DAAs, suggesting the presence of residual HCC despite documentation of radiological response. Hence, in this case the presence of viable HCC could have contributed to the low SVRs.
Finally, in cases where LRTs fail to achieve complete necrosis of the tumour, DAA metabolite distribution to viable HCC areas may be compromised through multiple mechanisms. Impaired blood supply will impair penetration into the HCV-infected tumour tissue, particularly with procedures that include vascular embolization such as TACE. Altered tissue architecture may also have an impact on tissue penetration, as LRTs induce fibrosis, which seems to be particularly accentuated with SIRT [37, 55] . There may, therefore, be a role for re-treatment of HCCs in an attempt to achieve a complete response before initiating DAAs. In reality, however, many physicians commence HCV treatment prior to HCC treatment, with an unmet need in research into this area.
In summary, the evidence is variable and further trials in this area may help to confirm the best approach where an HCC in chronic HCV cases is amenable to LRT. Until more evidence is available, it may be prudent to treat an active HCC with LRTs and achieve a complete and sustained response before initiating DAAs, in order to improve SVR rate. Where a patient is anatomically a candidate for LRT but is not suitable due to poor liver function, one might consider treating the HCV in order to improve the patient´s clinical condition.
DAAs and liver transplantation
There is also much speculation regarding timing of HCV treatment in patients with HCC, particularly in those for which liver transplantation is being considered [35] [ Table 1 ]. Where no guidelines exist that prevent the transplantation of HCV-viraemic organs into HCV-negative recipients, limited data is available into this practice and so it is not generally accepted. In liver transplantation specifically, outcomes of HCVviraemic organs into HCV-positive recipients do not appear to negatively impact patient or graft survival, therefore many centres have adopted this practice [35] . Treatment of HCV prior to transplantation may Prenner et al . [37] , Beste et al . [36] , . This is particularly relevant in locations with high volumes of HCV-positive liver donors [35] [ Figure 2 ].
In addition to the potential impact on HCC outcomes, an impact on HCV outcomes has been demonstrated in patients receiving DAA therapy pre-vs. post-transplant [ Figure 2 ]. One recent large retrospective study demonstrated a difference in SVR rates between pre-and post-transplant treated patients, with the latter seeing improved clearance [34] . In terms of liver transplantation, there are certainly advantages and disadvantages of treating HCV prior to HCC [ Figure 2 ], which should be considered on an individual basis.
The evidence to date offers a compelling argument for considering treatment of the HCC before treatment of HCV. These findings require further data in order to make concrete recommendations in terms of HCV treatment timing, and each case should still be reviewed on an individual basis.
DAAs and systemic therapies
There is a paucity of data regarding concomitant use of DAAs and the systemic agents used in advanced HCC. Sorafenib was the breakthrough targeted therapy first used in the treatment of advanced HCC and although its effect on median overall survival does not extend life expectancy beyond one year, it is yet to be superseded a decade after the seminal SHARP trial [56] [57] [58] . Sorafenib is a multi-kinase inhibitor with a potent inhibitory effect on c-Raf [59] . NS5a -a non-structural protein produced by HCV that is integral in viral replication -has been shown to bind to cRaf [60] and, studied in vitro, inhibition of cRaf by sorafenib effectively blocks HCV replication [59] . Multiple other mechanisms of sorafenib inhibition of HCV replication, such as alteration of the viral entry step, the production of viral particles and Claudin-1 downregulation, have been demonstrated [61] [62] [63] . Though the antiviral effect of sorafenib in human studies to date have been disappointing, this association has not yet been excluded [56, 64, 65] . Interestingly, Sorafenib has been shown to provide a greater benefit in overall survival in HCV patients when compared to other aetiologies of liver disease [66] . Newer drugs including lenvatinib, a multi-kinase inhibitor, in the front-line and regorafinib, cabozantinib (both multi-kinase inhibitors) and ramucirumab (an antiVEGFR mAb) in the second-line have been incorporated into new guidelines and are now increasing in use [67] , but their potential interactions with DAA regimens have been explored still less.
As many trials for the new DAA regimens excluded patients with HCC, there is a little data on the interaction between targeted therapies and DAAs [68] . One small case series noted that there were no [33, 35] deleterious effects in combining ombitasvir/paritaprevir/ritonavir and dasabuvir, either in terms of antineoplastic effect or SVR rate [69] , but more studies are required to assess these interactions.
DAAs and immunotherapy
Though markedly different pathological processes are involved in chronic hepatitis C and the development of HCC, there are some similarities between the two when considering the role of the immune system, with T cell exhaustion implicated in both [70] . CD8+ T cells are integral in targeting and destroying both tumour cells and cells infected with HCV. T cell exhaustion exists to protect from tissue damage due to persistent and overzealous immunological response to antigens and is driven by upregulation of negative co-stimulatory pathways. With these pathways in action, key T cell effector processes are disrupted, they become tolerant of antigenic stimuli and ultimately apoptose [70] . T cell exhaustion is particularly efficient in T cells that are activated in the liver, causing the immunotolerant state required in an organ that encounters many antigenic threats. Chronic inflammation and development of cancer have both been shown to be associated with T cell exhaustion. These negative co-stimulatory pathways are multiple, including PD1, CTLA4, Tim3 and LAG3 -targets that are under scrutiny for potential new pharmacological options in the treatment of HCC. Inhibition of these targets aims to unlock the potential of these T cells to reinvigorate the immune cells. Though PD1 inhibitors in particular are now commonly associated with the treatment of HCC, they have also been trialled in the treatment of HCV in the past, with some success [71] . More studies assessing the impact of anti-PD1 immunotherapy on active HCV infection are required to fully understand its role in viral response. Multiple ongoing clinical trials using anti-PD1 antibodies are currently allowing patients with untreated HCV to enrol, which may go some way to answering this question. Nivolumab, a human monoclonal IgG4 antibody against PD1, is showing promise as a treatment in advanced HCC [72] . It has also been trialled in chronic HCV infection, showing a persistent suppression of HCV RNA in a subgroup of patients [71] . Pembrolizumab, another anti-PD1 monoclonal antibody, has also recently been granted accelerated FDA approval for the treatment of advanced HCC, with promising results in the Keynote-224 study [73] .
In addition to the impact of immunotherapy treatment of HCC on DAA treatment of HCV, we must also consider the opposite, as there is growing research showing the impact of DAAs on immune cells both within the liver and peripherally [74, 75] . From this, we might extrapolate that this in turn may impact on the immune surveillance in this population, thus may affect HCC treatment outcomes. Currently the clinical impact of the immune environment and altered immune surveillance is not clear, but insight into these processes in the post-DAA liver is improving, which may be crucial in how we shape our treatment [74] . Increased research into the immune environment in the post-DAA treated liver is vital to understand the potential impact viral clearance may have on HCC treatment response and vice versa. The effect of HCCtargeted immunotherapy on DAA treatment of HCV is not well-studied, but it would be interesting to see the impact on HCV treatment, and vice versa, be it synergistic, deleterious or non-existent.
Timing of HCV treatment in advanced HCC
As previously discussed, timing of HCV treatment when considering curative options has been the source of some controversy, as the decreased efficacy of DAAs seen in the context of HCC offers a compelling argument for treating HCV after treatment of the tumour. In advanced HCC, the chance of cure is marginal and so delaying treatment of HCV for this reason is not practical. In patients where lifeexpectancy is significantly limited, the risk vs benefit of treating HCV at all must be considered. AASLD guidance recommends that patients with limited life expectancy within 12 months are unlikely to benefit from HCV eradication and therefore palliative measures should take precedence in this setting [76] . This will include patients with decompensated liver disease and advanced hepatocellular carcinoma. For those with a better prognosis, HCV eradication prior to sorafenib treatment of HCC may prolong post-progression survival and improve overall survival [77] . Decisions regarding treatment timings should be considered on an individual basis, taking into consideration the advantages and disadvantages of treatment order [ Figure 3 ].
CONCLUSION
In summary, there is a paucity of clinical data surrounding the co-management of patients with both active HCV infection and HCC. The guidance for this challenging clinical scenario is to treat patients on a case-by-case basis, with conflicting evidence as to which condition to treat first. In cases where liver transplantation may be an option, there are advantages and disadvantages for treating one condition before the other, which should be considered on a case-by-case basis to enhance patient outcomes depending on individual clinical factors. Treatment of HCC through LRTs prior to HCV treatment may confer individual benefit in terms of SVR rates, but viral clearance conversely may improve liver function to allow more advanced treatment options. Again, assessment on an individual patient basis may be the most appropriate advice in the absence of robust clinical trials exploring this. For more advanced cases that are only eligible for systemic therapies, there are interesting parallels in the underlying immune processes that may have a significant impact on our management, though further trials into this are required before robust recommendations can be made. With newer treatments rapidly emerging for both conditions, this is an exciting area of hepatology that no doubt will be at the forefront of research in the coming decade. [28] , with considerations for each treatment option outlined beneath life expectancy may not benefit from HCV treatment
Key points
There is a paucity of clinical data surrounding the co-management of patients with both active HCV infection and HCC.
As many trials for the new DAA regimens excluded patients with HCC, there is a little data on the interaction between targeted HCC therapies and DAAs, though there are interesting parallels in the underlying immune processes for HCV and HCC.
For patients with potentially curable HCC, deciding which pathology to treat first is complex and the data is conflicting. Improving liver function following SVR could enable the patient to undergo more favourable therapeutic HCC procedures. However SVR rates are significantly lower in patients with active HCC. In the absence of formal guidance and with conflicting evidence, we suggest this should be managed on an individual patient basis.
For patients awaiting liver transplantation, the ability to transplant an HCV-viraemic organ may improve waitlist times and thus guide decisions, but concrete data is lacking and so in the absence of formal guidance, we suggest this should be managed on a case-by-casebasis.
